Key Words polar microbiology, sea ice microbiology, psychrophilic bacteria, bacterial biodiversity s Abstract This review introduces the subjects of bacterial biodiversity and biogeography. Studies of biogeography are important for understanding biodiversity, the occurrence of threatened species, and the ecological role of free-living and symbiotic prokaryotes. A set of postulates is proposed for biogeography as a guide to determining whether prokaryotes are "cosmopolitan" (found in more than one geographic location on Earth) or candidate endemic species. The term "geovar" is coined to define a geographical variety of prokaryote that is restricted to one area on Earth or one host species. This review discusses sea ice bacteriology as a test case for examining bacterial diversity and biogeography. Approximately 7% of Earth's surface is covered by sea ice, which is colonized principally by psychrophilic microorganisms. This extensive community of microorganisms, referred to as the sea ice microbial community (SIMCO), contains algae (mostly diatoms), protozoa, and bacteria. Recent investigations indicate that the sea ice bacteria fall into four major phylogenetic groups: the proteobacteria, the Cytophaga-Flavobacterium-Bacteroides (CFB) group, and the high and low mol percent gram-positive bacteria. Archaea associated with sea ice communities have also been reported. Several novel bacterial genera and species have been discovered, including Polaromonas, Polaribacter, Psychroflexus, Gelidibacter, and Octadecabacter; many others await study. Some of the gram-negative sea ice bacteria have among the lowest maximum temperatures for growth known, <10
• C for some strains. The polar sea ice environment is an ideal habitat for studying microbial biogeography because of the dispersal issues involved. Dispersal between poles is problematic because of the long distances and the difficulty of transporting psychrophilic bacteria across the equator. Studies to date indicate that members of some genera occur at both poles; however, cosmopolitan species have not yet been discovered. Additional research on polar sea ice bacteria is needed to resolve this issue and extend our understanding of its microbial diversity.
?
INTRODUCTION
Sea ice covers 10% of the ocean surface of Earth and harbors a unique community dominated by microorganisms. The vast scale of this extreme ecosystem for life underscores its significance; yet studies of sea ice microbiology, particularly bacteriology, are still in their infancy. One aim of this review is to introduce readers to the sea ice microbial community and what is currently known about its resident bacteria. In addition, research on bacterial biogeography is discussed as it applies to the polar sea ice environment. As a guide to future research in bacterial biogeography, a set of biogeography and coevolution postulates is proposed.
ASSESSING BACTERIAL (PROKARYOTIC) BIODIVERSITY
Biodiversity is defined as the variety and abundance of life forms that live on Earth. The basic unit of biodiversity is the species, but biodiversity is also measured as intraspecific genetic variability and by the richness of evolutionary lineages at higher taxonomic levels. The assessment of biodiversity, particularly of microbial diversity, is one of the most challenging and fascinating aspects of microbiology (2) . Perhaps this aspect is best illustrated by the fact that estimates of the numbers ? of bacterial species that exist on Earth today range from 10,000 by some bacteriologists to more than a billion (10 9 ) by others. Several books have been written on biodiversity, although most of them have concentrated on plants and animals (e.g. 83) . Only a brief overview of biodiversity is presented to provide an introduction to the subject as it pertains to the topic of sea ice microorganisms.
The enormous diversity of microbial life should not seem surprising given that bacteria have inhabited Earth for >3.5 Ga (10 9 years) of its 4.5 Ga existence. Prokaryotes were the first organisms, and microorganisms existed on Earth for ∼3 Ga before land plants and animals evolved only 600 million years ago.
The number of bacterial species that have been described is remarkably few in comparison with plants and animals. About 6000 bacterial species have been named (37) , whereas the number of named plant and animal species is more than 1 million (50, 83) . Some scientists have interpreted this difference to mean that the bacteria are not particularly diverse (50) . However, there are several reasons for the small number of bacterial species compared with plants and animals. One reason is that bacterial species cannot be defined by visual observation alone because most are too simple to be distinguished morphologically. Typically, strains must be cultivated in pure culture; thus an appreciable amount of laboratory work is required to characterize them and differentiate them from close relatives. In addition, little effort has been directed at bacterial taxonomy primarily because of lack of financial support for research in this field. Finally, it is not presently possible to make a fair comparison between the numbers of species of animals and plants vs bacteria given that these groups are defined differently (66, 78) .
Culture-Based Approaches
Our knowledge of bacterial biodiversity stems largely from analyses of pure cultures. Until the 1970s, the bacteria were classified into various hierarchical groups by phenotypic features (37) . Phenotypic methods were limited, however, because there was little basis for comparing the evolutionary relatedness of bacteria with one another or with other microorganisms and plants and animals. The shift to using molecular sequencing of conserved macromolecules has revolutionized bacterial classification and our understanding of microbial phylogeny and biodiversity.
Bacterial biodiversity has been assessed by ribosomal RNA (rRNA) sequence analyses of pure cultures of described bacteria. For the first time it became possible, due largely to the pioneering efforts of Woese (84) , to compare the phylogenetic diversity of all organisms on Earth by using the same macromolecular sequence standard, the RNA from the small subunit of the ribosome (16S or 18S rRNA). A "universal tree of life" obtained from an analysis of many species clearly indicates a far greater diversity in the microbial world than in the world of plants and animals (85) . Indeed, the plant and animal kingdoms appear as only two branches of the eukarya. In contrast, the eubacteria archaea, and eukaryotic microorganisms occupy tens of additional branches.
There appears to be a coarse relationship between 16S rDNA sequence and DNA-DNA reassociation values, the procedure that is used for identifying prokaryotic species. Organisms that exhibit >70% DNA-DNA reassociation are considered members of the same species (80) . Stackebrandt & Goebel (64) conducted an extensive examination of the literature and reported that, at one extreme, strains can have essentially identical 16S rDNA sequences and comprise different species; whereas, at the other extreme, they can exhibit as much as 2.5% difference in 16S rDNA base composition and still be members of the same species. Thus, the correlation between DNA-DNA reassociation and 16S rDNA sequences appears to vary from genus to genus. Whereas the 16S rRNA sequence information is important from the standpoint of phylogeny, it does not have sufficient resolution for identifying bacterial species.
Community Approaches
Molecular methods have revolutionized our concept of microbial diversity on Earth (56) . These methods have shown that far greater microbial diversity exists in natural ecosystems than had been previously thought from studies of pure cultures. One of the reasons for this newly discovered diversity is that microbiologists have not been able to grow the most numerous bacteria from natural habitats on artificial media in the laboratory (72) . This inability to recover the most numerous organisms from natural habitats by using cultural approaches has been called the "enumeration anomaly" or the "Great Plate Count Anomaly" (70) . This technical problem has resulted in an underestimation of diversity in natural habitats. For example, Hugenholz et al (39) reported the discovery of 36 major phylogenetic groups of eubacteria in natural communities, which is about threefold the number of those that have been cultivated in pure culture. Fortunately, new cultivation approaches are being developed that are helping to overcome this problem (61) .
Many microbiologists have adopted molecular procedures for identification and diversity analysis. These procedures are typically accomplished by extracting DNA from a microbial community and using polymerase chain reaction (PCR) to amplify DNA sequences of interest. For bacterial biodiversity studies, universal primers for 16S rDNA are used; in theory, however, any conserved DNA region could be amplified. The PCR product is cloned, sequenced, and used in phylogenetic analysis. The result is an approximate measure of the community diversity and phylogenetic identification of its major inhabitants. Two major advantages of this procedure are that it circumvents the poor recovery found by the cultural approach and it avoids the tedious aspects of the cultivation approach (55, 56, 79, 82) .
Although this procedure provides information on the phylogeny of the types of organisms present, it provides little other information. For example, even strains with identical complete 16S rRNA sequences can be separate species (21); also, information about the physiological features of the organism is not revealed. Characteristics of the organisms may be inferred from pure cultures if, and only if, they are very closely related.
A recent meeting sponsored by the American Academy of Microbiology (2) has recommended that microbiologists begin to assess the microbial diversity of natural habitats by using improved cultivation methods as well as molecular approaches.
BIOGEOGRAPHY
Biogeography is defined as the study of the global distribution of species, living or extinct. As with biodiversity, the basic unit of biogeography is the species. Species that are found in more than one geographic location on Earth are referred to as "cosmopolitan." Species that live in only one area on Earth are termed "endemic to that area."
Little emphasis has been given to the study of bacterial biogeography, which is unfortunate because bacterial biogeography is critical for several reasons. First, knowledge of biogeography will help determine how many bacterial species exist on Earth. Second, until we know the ranges of species, we cannot identify which bacteria might be threatened (66) . Third, if we wish to identify the ecological role of a particular species, we need to know its distribution.
The prevailing hypothesis for bacterial biogeography is based on the axiom of the Dutch microbiologist Baas-Becking, who stated, "Alles is overal: maar het milieu selecteert" (Everything is everywhere, but the environment selects) (4). Baas-Becking attributed the first phrase of this statement to Beijerinck (6) . This statement is interpreted by contemporary bacteriologists as a hypothesis that freeliving bacteria are cosmopolitan in their geographic distribution. The rationale given by Baas-Becking in support of this hypothesis, which differs from evidence of plant and animal biogeography (see 11) , is that bacteria are readily disseminated from one location on Earth to another by water and air currents or animal vectors such as birds that migrate between regions. Thus, through a combination of natural selection and rapid dispersal, two similar habitats on Earth would harbor the same bacterial species.
Until recently, however, it has not been possible to rigorously test the cosmopolitan distribution of bacteria because unbiased molecular biological approaches were not available. That situation has now changed. Molecular biological procedures based on analyses of the sequence of subunits of conserved macromolecules such as rRNA are having a major impact on our understanding of the phylogeny and taxonomy of microorganisms (63, 84) . These same molecular approaches can now be applied to the assessment of the distribution of microbial species in natural communities.
Bacterial Biogeography Research
Much of the research on bacterial biogeography has been conducted with a photosynthetic prokaryotic group, the cyanobacteria. Recently, in a mini-review on the biodiversity and endemism of cyanobacteria from thermal environments, Castenholz (12) reported that northern hot springs in Alaska and Iceland did not harbor certain thermophilic cyanobacteria that are found in temperate-zone North American hot springs, even though they would be expected to grow in these habitats. This study, which did not include molecular analyses, concluded that Baas-Becking's cosmopolitan hypothesis was probably incorrect, at least regarding thermophilic cyanobacteria, for reasons of dissemination. First, it is difficult to disperse thermophilic species from one hot spring to another because of the great distances involved, and these prokaryotes lack special survival stages that can withstand long-distance dispersal. Second, because Iceland and Alaska are much farther north than temperate-zone hot springs, there might not have had been sufficient time since the retreat of the ice sheets for the hot springs to become uncovered and for dissemination to occur.
A recent analysis of the biogeography of cyanobacteria involved molecular procedures for analysis (26) . The authors concluded that, based on 16S rRNA gene sequences and phenotypic properties, Microcoleus chthonoplastes is a cosmopolitan species. Strains from various locations in Europe and North America were compared. It is interesting that two European strains, MEL and EBD, had identical sequences, and two North American strains, GN5 and PCC, also had identical sequences. The European and North American sets of strains differed from one another by 0.2% base homology. However, only about one-third [550 base pairs (bp)] of the 16S rRNA gene was sequenced.
Evidence for restricted ranges was provided in a recent study of 3-chlorobenzoate-degrading bacteria isolated from soils in six regions on five continents (25) . Four regions were in Mediterranean ecosystems, and two were in boreal forests. From different sites within each ecosystem, four or five gross enrichments (not extinction dilution) were prepared for 3-chlorobenzoate-degrading bacteria, from which 150 strains were isolated. PCR was used to amplify the 16S rDNA from strains that were subjected to amplified rDNA restriction analysis. In addition, the genotype of strains was assessed by PCR repetitive extragenic palindromic genomic fingerprints. Results of these analyses indicated that the majority of the genotypes were unique to the regions from which they were isolated. Some genotypes were found repeatedly from one region but not from others, which suggests that these genotypes are endemic to specific regions.
Other recent reports based on 16S rDNA sequence and phenotypic properties suggest that similar strains of archaea are found at widely disparate locations (47) . However, the most similar sequences reported had 98.2% identity (48) . As mentioned previously, 16S rDNA sequences do not have sufficient resolution to allow the determination of prokaryotic species (21) . Therefore, this analysis is not sufficient to decide whether these species are cosmopolitan.
In the previous studies discussed, DNA-DNA hybridization experiments were not performed. Thus, the organisms may or may not be separate species based on the current accepted definition (80) . However, DNA-DNA reassociation has been performed in some investigations. For example, a high degree of DNA-DNA reassociation was reported for some thermophilic archaea. Stetter et al (73) discovered that hyperthermophilic archaea isolated from Alaskan oil reservoirs showed high degree of DNA-DNA reassociation with selected Archaeoglobus, Thermococcus, and Pyrococcus species. By using dot blots, Stetter et al concluded that the species were the same as those from European thermal marine sources. In a separate study, DNA-DNA reassociation of a strain isolated from North Sea crude oil fields showed 100% relatedness to an Archaeoglobus fulgidus strain from Italian hydrothermal systems (5). These two studies comprise some of the best evidence to date supporting the cosmopolitan hypothesis of Baas-Becking.
Importance of Dispersal/Survival Stages
Two implicit assumptions of the Baas-Becking hypothesis are that all free-living bacteria can survive dispersal and that they can successfully colonize new locations. Both of these assumptions can be questioned. For example, it is doubtful that all bacteria are equally equipped to survive dispersal in that not all bacteria produce special spores and cysts that could serve as hardy dispersal stages. The best example of a bacterial survival stage is the endospore that is produced by certain gram-positive bacteria such as the genus Bacillus. The endospore is particularly resistant to conditions of desiccation and high temperature. In fact, the endospores of some species can withstand boiling temperatures for prolonged periods. Another example of a specialized resting/dispersal cell is the exospore produced by some of the high mole percent G + C gram-positive bacteria such as the genus Streptomyces. These filamentous bacteria produce these spores on an aerial mycelium, which allows for air dispersal when they are mature. Although they are not particularly heat resistant, they are resistant to desiccation and are readily dispersed by wind.
One other example of a specialized survival stage formed by some bacteria is the cyst. Cysts are produced from ordinary vegetative cells during stationaryphase growth. They are formed by certain types of gram-negative bacteria such as Azotobacter spp. and the myxococci. Although the cysts are less hardy than bacterial endospores, they are more resistant to desiccation and mild heat than vegetative cells are, and are therefore better suited for dispersal.
Thus, it seems reasonable that some bacteria, in particular certain gram-negative species that lack dispersal/survival stages, are more likely to have restricted ranges. In contrast, other bacterial species, especially spore-forming gram-positive bacteria, are more likely to be cosmopolitan in their distribution.
Cosmopolitan species must have the ability to colonize new locations as well as get there. Organisms with highly specialized nutrient requirements may have difficulty, especially if they arrive during periods when nutrients essential for their growth are absent. Likewise, organisms without sufficient invasive capabilities may not be able to establish themselves.
? colonists, then the better a species is at colonizing the more likely it is to be cosmopolitan. In contrast, those with poor dispersal and colonization abilities would be less likely to establish new colonies. These bacteria would likely be restricted to certain locales where they would be well adapted to the habitat. Over time, these species might evolve sufficiently to become separate endemic species. For example, populations of poorly dispersible, free-living species of soil bacteria must have been separated into subgroups by continental drift during the breakup of Gondwanaland more than 100 million years ago. Over time, plate tectonic movements could have carried the subpopulations into different geographic zones. Given sufficient time for genetic drift or mutation and selection to occur, the populations on different continents could have evolved into different species even though these new locations might have similar latitudes and climates. This argument would also apply to symbiotic bacteria that live in association with plants and animals. Plate tectonic movements would have separated their hosts into subpopulations. Given sufficient time, this process could have led to the co-evolution of symbiont and host.
Another factor that influences the range of a species is the rate at which evolution occurs. Some groups, such as the planctomycetales (23), are regarded as fastclock organisms. Other factors considered equal, fast-clock organisms should be more likely to have restricted ranges than do slow-clock phyla. Thus, microbial communities may consist of a mixture of species, some of which are endemic and some of which are cosmopolitan.
Importance of Habitat and Climate
Another basic premise of the Baas-Becking hypothesis is that at least two geographically separate habitats exist on Earth that are essentially identical. This premise seems highly unlikely, as major variations occur in physicochemical features of habitats and climate, including soil type, seasonal temperature range, rainfall, humidity, pH, and type and concentration of chemicals, in addition to numerous other factors. Also, the flora and fauna typically vary. Resident endemic plant and animal species are common globally in ecosystems. Just one of many examples is the cacti found only in desert ecosystems in the Americas, but not in Africa or Eurasia (7). Speciation of novel endemic plants and animals has occurred at disparate geographic areas, even though climatic features might be similar. Should this circumstance not also be true for microorganisms? Indeed, plant species have been reported to harbor their own unique symbiotic species of fungi associated with the leaves, bark, roots, etc (35) .
Biogeography and Coevolution Postulates
If endemism occurs in bacteria, the evidence for it should be conserved in the traits of the organisms. If all free-living bacteria are cosmopolitan, then their phylogeny should not show geographic clustering. If endemism occurs, however, the phylogeny of the organisms should exhibit geographic clustering, or clades.
The individual clades may or may not be sufficiently different to warrant the designation of separate species. The occurrence of clades, however, would indicate that speciation processes are occurring that may lead to the adaptive radiation of new species.
As a means of stimulating interest in what we deem to be fundamental questions regarding bacterial biodiversity and biogeography, we propose the following. Because geographic factors may have played a major role in the speciation of free-living bacteria and perhaps symbionts as well, a term should designate such varieties. We propose the term "geovar," defined as follows: a geovar is a geographic variety of a bacterium that is endemic to a specific area or host.
We propose several postulates, the fulfillment of which would be necessary to infer whether a bacterial species is cosmopolitan. The procedure entails the use of pure cultures, although the postulates would apply equally well to simple consortia. At this time, noncultivation approaches are not adequate, although this situation may change as molecular approaches become more informative. For example, complete in situ genome sequencing would certainly be adequate! The postulates are as follows:
1. At least four bacterial strains of a purported species must be isolated from different samples taken from one ecosystem (or host). Ideally, bacteria should be isolated by using extinction dilution as well as gross enrichment methods to ensure that the greatest variety of organisms of a particular type can be selected and obtained in pure culture (20, 61) .
2. These strains must be shown to be indigenous to the habitat (or host) from which they were obtained by demonstrating their growth in the habitat at some time during the annual or other periodic cycle of the environment. For some organisms, such as mat-forming cyanobacteria, observation alone may be sufficient. For most bacteria, further research may be required. This research could be accomplished by the use of procedures such as the nalidixic acid growth procedure (44), coupled with a procedure for identifying the organism, or carefully conducted seasonal distribution studies could be used such as for Caulobacter spp. (17) . Appropriate in situ molecular approaches are also possible, such as combining tritrated-thymindine microautoradiography to demonstrate growth and fluorescent antibody or other labeling approaches to identify strains (1).
3. At least four strains of a potentially identical candidate species must be obtained from one or more other geographically separate ecosystems (or host) that are similar to the ecosystem (or host) from which the first strains were obtained, using the same procedures used to isolate the first strains. These new strains must be shown to be indigenous to these other ecosystems. 4. The two or more groups of strains from the two or more geographically separate ecosystems must be subjected to phylogenetic analyses by sequencing two or more appropriate genes. The choice of genes may differ from one phylogenetic group to another. For example, one of the appropriate genes for enteric bacteria would appear to be for the housekeeping protein malate dehydrogenase (58) . Sequences of 16S rDNA do not appear to provide sufficient resolution for most prokaryotic groups. If the strains show no evidence of clades in either phylogenetic analysis, then they are considered cosmopolitan. In contrast, if the phylogenetic analysis indicates that geographic clustering occurs, then they are provisionally considered to be endemic to those areas (or hosts). Such strains would be called geovars.
Geovars may or may not be the same species. This distinction would need to be determined by separate analyses in postulate 5 below. Cultures of the geovars should be maintained in national culture collections for other researchers to study.
(optional).
If one wishes to determine whether the two or more groups of strains from the two or more geographically separate ecosystems (or hosts) compose the same species, then the strains must be compared directly with one another. Tests to be conducted include but are not limited to DNA-DNA reassociation, sequencing of 16S rDNA, and phenotypic analyses that are appropriate to the phylogenetic group, including but not limited to nutrition, physiology, fatty acid composition, and cell and colony morphology.
On the one hand, if the two or more sets of strains are not geovars (i.e. do not exhibit geographic clustering) and are shown to compose the same species, then they would be designated as a single cosmopolitan species. If, on the other hand, the two or more sets of strains exhibit geographic clustering and are different species, they should be named and described as two or more separate species.
Absolute proof of endemism is difficult in plants and animals and may not be possible in bacteriology, because this would involve proving a negative; that is, not finding an organism does not mean that it is not there. However, if phylogenetic evidence from several strains supports the view that speciation events have occurred, then it can be proposed that this organism is a candidate endemic strain. In some ecosystems that have simple species compositions, it may be possible to demonstrate that endemic species exist beyond reasonable doubt.
By proposing the biogeography postulates and coining the term geovar, we hope to stimulate research in this area. Clearly, the task to assess whether bacteria are cosmopolitan is not a trivial one. Furthermore, until some guidelines are proposed, there are no parameters for comparing one investigation's results with those of another. By establishing these guidelines, we hope to stimulate rigorous assessments of bacterial distributions in natural environments.
Studies of the biodiversity and biogeography of extreme environments are in their infancy. The sea ice environments of the polar regions are prime examples of poorly known ecosystems that are beginning to be investigated.
BIODIVERSITY OF POLAR SEA ICE BACTERIA
Although sea ice is one of the most extensive habitats for microbial life on Earth, studies of its bacterial composition were not undertaken until the 1980s. Information about sea ice, its suitability as a habitat for microbial life, and the types of bacteria that reside there is discussed below.
Formation of Sea Ice
During the polar winter, vast areas in the polar oceans become sufficiently cold that the seawater freezes. Strong winds and wave action prevent the ice from forming one large sheet on the surface. Land-fast or fast ice is formed in shoreline areas, and the remaining large majority of ice consists of floating sheets termed "pack ice." All told, polar sea ice occupies >7% of Earth's surface, a figure determined by adding the largest areas occupied during the winter maxima of the north and south polar regions (49) .
Sea ice is primarily seasonal. It forms in the winter months and breaks up and melts during the polar summer. Sea ice begins to form in polar regions when the surface waters reach about −1.8
• C, the freezing temperature of seawater at a salinity of 35 ‰. The initial collection of randomly oriented ice crystals is called "frazil ice." The frazil ice collects in long plumes by wind and wave action to form "grease ice" (81) . Eventually consolidated, circular forms called "pancake ice" or "clumped forms" are produced (54) . Subsequently a surface layer of ice is produced, and long vertically oriented ice crystals form columnar congelation ice from beneath the surface.
The coldest and most variable temperatures are encountered at the air-ice interface, reaching very low temperatures when the air temperature is low. The temperature at the ice-water interface remains much more stable at about −2.0
• C. The light intensity increases as the polar spring arrives and continues to increase until it reaches its summer peak. As the ice develops, a salting-out process occurs whereby the marine salts that are excluded from the ice are concentrated in brine pockets. As the ice rises above sea level, brine channels develop that drain the dense brine through the layer of columnar congelation ice by gravity flow to the underlying sea water. Thus, the sea ice produces microenvironments of various temperatures, salinity, nutrient concentrations, and light intensities within the column, which may be as thick as 2 m. For example, salinity in sea ice brine can range from near that of freshwater to >150‰ at the ice-sea-water interface (49) . Although most ice melts out during the polar summer months, some ice persists to form multiyear ice, which can be re-colonized as a habitat (38) .
The sea ice is remarkable in that it serves as a habitat for a microbial community referred to as the SIMCO. Typically, the SIMCO is found at the interface between the ice column and the underlying seawater. The primary producers in this community are mostly pennate diatoms. Protozoa, bacteria, fungi, and invertebrates are also abundant (57).
Nature of Polar Sea Ice as a Place for Life
Sea ice is a surprisingly complex environment for microbial habitation. The community typically forms in the lower 10-20 cm of sea ice column at the ice-water interface (Figure 1 ). Nutrients are available from the water column, and light is available from the surface.
The sea ice contains its own dynamic and distinct microbiota. SIMCOs form in the brine inclusions of the ice that range in salinity from <10 ‰ to >150 ‰. SIMCOs are dominated by diatoms, such as Amphiprora and Nitzschia spp., which serve as the major primary producers of the sea ice microbial community (29, 38) . Many bacterial epiphytes of diatoms have been reported, which suggests that heterotrophic bacteria may be deriving nutrients from diatom exudates or dying diatoms (57, 75) . In addition, some flagellate species and other algal groups can also be found (28, 75) . Although ice algal blooms normally occur during the summer months, autumn blooms have been reported (22) . Protozoa are also indigenous to the sea ice community, but information on types and concentrations is limited (28) .
Metazoa, including polychaetes, amphipods, and euphausiids (krill), are known to colonize sea ice as well (27) . Krill, which serve as a major food for penguins, seals, whales, and other marine animals, feed directly on this concentrated food source by grazing at the seawater-ice interface, where the SIMCO is typically found (14) . It has been estimated that from 9% to 25% of the annual productivity of the ice-covered southern oceans is caused by the SIMCO (3). Additional information on the other biota can be found in the reviews by Horner (38) and Palmisano & Garrison (57) .
Polar Sea Ice Bacteriology
Bacteria are very important members of the sea ice food web community because their concentrations are enriched relative to those found in open sea water (15, 36, 74, 75, 86) . Their principal role is the heterotrophic mineralization of organic matter produced in the SIMCO (43) . Bacterial production rates are high, attaining levels that are 10-15% of primary production (45, 46) . Assuming a growth efficiency of ∼50% (19), then 20-30% of the ice-bound primary production cycles through the heterotrophic bacteria (57).
Diversity of Sea Ice Bacteria Isolates
Only recently have studies been undertaken on the types and diversity of sea ice bacteria. What is known indicates that this community contains many unique taxa. For example, heterotrophic gas-vacuolate bacteria, not reported in other marine habitats, have been discovered in and near sea ice (31, 69, Figure 2 ). These comprise some of the most psychrophilic bacteria known, based on their maximum temperatures for growth (41) . Very few of these bacteria grow at temperatures >20
• C. Thus, Polaromonas vacuolata, one of the new genera and species, has an optimum growth temperature of 4
• C and a maximum temperature of about 10
• C (32). Other strains have temperature maxima of 7-8 • C. Phylogenetic studies involving 16S rDNA sequence analyses indicate that these gas-vacuolate bacteria are members of two major eubacterial phyla, including the proteobacteria and the Cytophaga-Flavobacterium-Bacteroides (CFB) group (32).
Bowman et al (8) examined a large collection of sea ice bacteria isolated from polar sea ice in the Indian Ocean near the Australian base at Davis. These bacteria fell into four major phylogenetic groups-including the proteobacteria and the CFB, as reported above, and the low and high mole percent G + C grampositive bacteria, based on 16S rDNA sequence analyses. Obligate and facultative psychrophilic proteobacteria genera represented in their samples included Colwellia, Shewanella, Marinobacter, Pseudoalteromonas, Alteromonas, Pseudomonas, Halomonas, Hypohomonas, and Sphingomonas.
Three new genera of proteobacteria have been described from sea ice. Octadecabacter is a new genus of psychrophilic gas-vacuolate bacteria from the alphaproteobacteria (30) . These rod-shaped bacteria are so named because they contain large amounts (70-80%) of octadecenoic acid (18:1) in their cell membranes.
Figure 2
Transmission electron micrograph of a gas-vacuolate bacterium. This isolate was obtained from sea ice near Pt. Barrow, Alaska. Note that two gas vesicles of different-sizes occur in the cytoplasm. Most are relatively wide and short, whereas two are very thin and long. Bar equals 1.0 µm.
Based on 16S rDNA sequence analyses, they are most closely related to the genus Roseobacter, which are aerobic, bacteriochlorophyll a-producing bacteria (62) . Unlike Roseobacter spp., however, Octadecabacter spp. are gas vacuolate and nonpigmented. They lack bacteriochlorophyll a, and they differ from Roseobacter spp. in their inability to reduce nitrate to nitrite and hydrolyze gelatin and in their carbon source utilization patterns. Octadecabacter spp. also grow at lower maximum temperatures, that is, <19
• C, whereas Roseobacter denitrificans requires at least 37
• C for growth. Polaromonas vacuolata is a new genus and species of the beta-proteobacteria (40) . Several strains of this species were collected in Antarctic waters off the Palmer Peninsula near the US Palmer Station on Anvers Island. 16S rDNA sequence analysis showed that these bacteria were most closely related to Variovorax paradoxus and Rhodoferax fermentans. 16S rDNA base homology demonstrated that the differences between Polaromonas spp. and these two strains were 5% and 6.1%, respectively. Polaromonas spp. have a lower G + C ratio than do Rhodoferax spp. (52-57 vs 60 mol%) and are non-photosynthetic and nonpigmented. Also, unlike Rhodoferax spp., Polaromonas spp. are gas vacuolate, obligate aerobes and are psychrophilic. They differ from Variovorax spp. in G + C ratio (52-57 vs 67-69 mol%) and have polar rather than peritrichous flagella.
Sea ice contains a variety of members of the gamma subclass of proteobacteria, several genera of which are gas vacuolate (32) . The best studied members of these occur in the genus Colwellia (7). This genus of obligate marine bacteria is well known for its psychrophilic and barophilic members. Many species are known to degrade particulate materials such as casein, chitin, and starch. In addition, all strains studied produce the omega-3 polyunsaturated fatty acid docosahexaenoic acid (22:6ω3), ranging in concentration from 0.8 to 8.0% of the total fatty acids. This fatty acid has been previously reported only in Moritella marinus strains isolated from deep-sea environments. Thus, it may be associated with survival and growth in low-temperature and possibly high-pressure marine habitats (7). The sea ice environment is a habitat for four newly described species of Colwellia, including C. demingii, C. psychrotropica, C. rossiensis, and C. horneri. One species, C. rossiensis, is gas vacuolate.
The other major group of gram-negative bacteria that are known to live in sea ice is the CFB group (34) . This was the first report of gas-vacuolate bacteria in the CFB group of the bacteria. Several strains were found to be similar to a previously described species, Flectobacillus glomeratus, isolated from the marine environment near the Davis Station in Antarctica (51). However, F. glomeratus cannot be a true Flectobacillus species because its 16S rDNA sequence differs markedly from the type strain of the species, Flectobacillus glomeratus major (34) . F. glomeratus and the other strains from the sea ice grouped most closely to Cytophaga marina and Flexithrix maritimus as well as other species. Because of the major phylogenetic and phenotypic differences between the sea ice strains and F. glomeratus compared with known taxa in the CFB group, a new genus, Polaribacter, was proposed with the following new species: P. irgensii, P. franzmannii, P. filamentus, and P. glomeratus combination nov.
Polaribacter species are nonmotile, elongated rods, 0.25-1.6 µm in diameter and 2-48 µm in length. They are obligate aerobes and are facultative to obligate psychrophiles, which are pigmented orange, salmon, or pink. Gas vacuoles are produced by some strains. They use a variety of organic carbon sources but prefer to use complex carbon sources such as yeast extract and casamino acids. All strains hydrolyze starch, and some hydrolyze gelatin.
In addition, the Australian group described two new genera of CFB group from Antarctic sea ice, Psychroflexus (10) and Gelidibacter (9) . Psychroflexus strains synthesize the unusual polyunsaturated fatty acids eicosapentaenoic acid (20:5ω3) and arachidonic acid (20:4ω6). They are members of the family Flavobacteriaceae. Two new species were described, including P. torquis and P. gondwanense. The latter species, P. gondwanense, was isolated from saline lakes near the Davis Station (18) and described initially as a Flavobacterium species.
Gelidibacter spp. are gliding rod-shaped-to-filamentous bacteria from the CFB phylum with DNA of low G + C content, ranging from 36 to 38 mol%. These yellow-pigmented saccharolytic bacteria degrade starch and dextran as well as DNA and various Tween compounds. One new species, G. algens, was described from Antarctic sea ice (9) .
Various gram-positive bacteria also occur in sea ice (8, 42, 60) . Members of both the low-and high-mole-percent G + C gram-positive phyla have been reported. Low-mole-percent G + C genera include Planococcus and Halobacillus; highmole-percent G + C genera include Arthrobacter and Brachybacterium. Some of the gram-positive bacteria are true psychrophiles, which grow at <20
• C, such as some members of the genus Planococcus (8) . However, many gram-positive sea ice bacteria are facultative psychrophiles; although they grow at 0
• C, they can also grow at temperatures of 30-37
• C (42). The gram-positive sea ice bacteria grow over a broad range of salinities from 0 to 250 ‰. The fact that they grow at very high salinities suggests that they are well adapted to live in sea ice brine from which many strains have been isolated.
Planococcus mcmeekinii is a newly described member of low-mole-percent G + C gram-positive sea ice bacteria (42) . This species is most closely related to another marine bacterium originally described as "Flavobacterium okeanokoites" (Zobell & Upham 1944) but which has been reassigned to the genus Planococcus as P. okeanokoites (53) . This motile organism has a mole percent G + C content of 35, very low in comparison with the other planococci.
The high-mole-percent G + C gram-positive sea ice bacteria are most closely related to Arthrobacter and Brachybacterium species. Although these may represent new species, DNA-DNA reassociation studies would need to be conducted to determine whether they are sufficiently different from Arthrobacter agilis and Brachybacterium tyrofermentans to justify new taxa. Both strains of high-molepercent G + C organisms have extremely high GC ratios, 73 and 76 mol%, respectively.
It seems somewhat surprising that the gram-positive bacteria live in sea ice communities because they are normally associated with marine sediments and soils, where nutrient concentrations may be high. However, the brine habitat in sea ice would be expected to have higher concentrations of nutrients than seawater. Also, it is noteworthy that 16S rDNA sequences of gram-positive bacteria have been reported from marine water column habitats (24, 76) . It is possible that these organisms could be inoculated from marine sediments by anchor ice that is formed in marine sediments but may float to the overlying ice after it has been disturbed or dislodged.
Other Sea Ice Prokaryotes
Very little is known about the incidence of autotrophic bacteria from sea ice. Ammonia-oxidizing bacteria have been reported from sea ice, suggesting that chemoautotrophs may play an important role in this community (59) . Cyanobacteria or other photosynthetic prokaryotic groups that may reside in the SIMCO layer have not been reported.
DeLong's laboratory (16, 17) has reported finding archaea in Antarctic seawater and SIMCO habitats. In DeLong and coworker's study, they measured the binding of group-specific oligomers to rRNA that was extracted from the environment. On this basis, the archaea comprised as high as 34% of the total prokaryotic rRNA from some samples. The phylogenetic studies indicated that these organisms were members of two separate groups, the euryarchaeota and the crenarchaeota. None of these archaea have been cultivated as yet, but this finding is one of the most exciting discoveries in polar microbiology because it suggests that members of the crenarchaeota, which had been previously regarded as thermophiles only, are actually able to grow at freezing temperatures.
It should be noted that, until now, molecular approaches have not been used to survey bacterial diversity from polar sea ice communities. Phylogenetic information from 16S rDNA libraries from the DNA of natural sea ice communities will likely reveal additional bacterial diversity in this habitat.
Function of Gas Vacuoles in SIMCO
The ecological significance of gas vacuole formation is not yet known for sea ice bacteria. Two hypotheses can be advanced to explain their occurrence. First, sea ice is a vertically stratified habitat, similar to a thermally stratified lake in which gas-vacuolate prokaryotes abound (65, 77) . Thus, it could be hypothesized that these bacteria have a selective advantage because the gas vacuoles allow the bacteria to rise to the surface of the water column. This brings the bacteria into close association with the sea ice algae, which could provide soluble and particulate organic carbon sources for bacterial growth. Indeed, in some sea ice cores, some gas-vacuolate bacteria occur above the chlorophyll a maximum in the core, which suggests that they may obtain dissolved nutrients that are not available for heterotrophs that grow at lower depths in the ice column. Consistent with this is the lower optimum salinity of many of these bacteria, which grow well at 10-15 ‰ (41). However, gas vesicles were not found in a cursory transmission electron microscopic examination of fixed cells taken from a sea ice sample from which a high percentage of cells were capable of gas vesicle production. This observation suggests that these bacteria may not be producing gas vesicles while growing in the SIMCO.
An alternative hypothesis is that the gas vesicles are formed after the sea ice community has been disrupted by melting. Frequently, gas vacuolation in pure cultures of heterotrophic bacteria occurs when the nutrients are depleted from the medium-thus, they are found abundantly in stationary-phase growth but not during active-cell multiplication. If this is the case in the sea ice environment, then these organisms may be producing gas vesicles as a dispersal mechanism. They would be formed after the SIMCO collapses as the ice melts. Their formation at that time would enable cells to remain high in the water column where they could colonize the newly forming sea ice as it develops during the fall. Supporting this interpretation is the fact that all of the gas-vacuolate bacteria isolated from the water column in the Palmer Peninsula waters were obtained from a 0-to 25-m depth-none were found at depths from 50 to 500 m (R Irgens & JT Staley, unpublished data). Clearly, additional studies are warranted to determine more about the reasons for gas vesicle formation in these bacteria.
BIOGEOGRAPHY OF SEA ICE BACTERIA
One of the major goals of our laboratory has been to determine whether sea ice bacteria exhibit a bipolar distribution. Finding the same species at both poles would indicate that these bacteria were cosmopolitan in distribution and would support the Baas-Becking hypothesis. We believe that the polar sea ice bacteria are particularly appropriate to study regarding biogeography because of the natural constraints imposed on dispersal.
Why Is the Polar Sea Ice Community a Test Case for Bacterial Biogeography?
We purposely selected the polar sea ice communities to test the cosmopolitan hypothesis because dispersal of psychrophilic, free-living bacteria between the north and south poles should be extremely difficult. This difficulty is not only because of the long distances between the poles but also because dispersal between the poles would require passage of these psychrophiles across the warmer latitudes near the equator. Thus, for example, it would seem improbable that the arctic tern could carry viable psychrophilic bacteria during its bi-polar migrations. One mechanism that might explain transequatorial passage is cold, deep underwater currents (13) . These currents, however, take hundreds of years to carry water from one pole to the other. It is extremely doubtful that these bacteria, which have been removed from their normal habitat, could survive such a long transit. Perhaps during the Pleistocene, icebergs could have carried psychrophilic bacteria closer to the equator, although, even at its maximum extent, the ice sheets would have been separated by >8000 km. Alternatively, one could propose passage across the equator in ice crystals in the upper atmosphere, but there is no evidence to indicate that this occurs.
Biogeography of Octadecabacter, Polaribacter, and Iceobacter Species
The gas-vacuolate sea ice bacteria were selected as test organisms for polar sea ice studies. These bacteria were selected because they appear to be specialists associated with sea ice. Furthermore, they are all true psychrophiles, which cannot survive at temperatures >20
• C (52) and therefore would be sensitive to transequatorial dissemination. Strains of these bacteria were isolated from both poles by using the same medium: Ordal's sea-water cytophaga medium with succinate as a supplemental carbon source (41, 67, 68) . Results of that study confirmed that gas-vacuolate bacteria were also indigenous to north polar sea ice communities (33) . To determine whether the same bipolar bacterial species exist, strains of gas-vacuolate sea ice bacteria from the north were compared with those from the south polar marine habitats.
Whole-cell fatty acid analysis was used initially to group the ∼200 gas-vacuolate strains that had been isolated from both poles. In this manner, it was possible to readily limit the number of strains for further study. From this study, three groups were identified that contained similar bipolar representatives. One group of alpha-proteobacteria contained two strains of Octadecabacter spp. These two strains were then subjected to phenotypic testing and 16S rDNA sequence analysis (Figure 3) .
Phenotypically, the strains were quite similar. However, some differences were noted. The arctic strain required three vitamins: thiamine, nicotinic acid, and pantothenic acid. The Antarctic strain was similar but had at least one additional unidentified requirement. The arctic strain exhibited a narrower pH range (6.5-8.5) for growth versus a pH range of 6.5-9.5 for the Antarctic strain and a somewhat higher temperature maximum. Some differences were also noted in carbon source utilization patterns.
Although their 16S rDNA sequences were similar, the Octadecabacter strains differed from one another at 11-13 rRNA nucleotide positions. These differences by themselves, however, are not great enough to conclude that they are members of separate species (64) . To determine whether they were members of the same species, DNA-DNA reassociation experiments were conducted. The results indicated that they were 42% related to one another by this procedure, less than the >70% value that is used to describe a species (80) . Thus, it was concluded that they were not the same bipolar species. The arctic strain was named Octadecabacter arcticus, and the Antarctic strain was designated O. antarcticus. These results indicate that members of the same genus can be found at both poles.
The second set of strains subjected to biogeographic analysis was a collection of four strains from the CFB genus Polaribacter. The two most closely related strains differed in size. One strain ranged from 0.25 to 0.5 µm in diameter, whereas the other was 0.8 to 1.6 µm. Colonies of these strains were pigmented with orange-or salmon-colored carotenoid pigments. Differences were also noted in temperature ranges for growth and carbon source utilization patterns.
The 16S rDNA sequences among all four strains differed by 18-50 nucleotide bases. Differences of 40-50 are sufficiently great to warrant separation of new species, hence giving rise to Polaribacter irgensii and P. franzmanii, but two of the strains exhibited smaller differences necessitating DNA-DNA reassociation studies. When the four strains were subjected to DNA-DNA hybridization, the highest values found indicated a 34% relatedness between the two most closely related strains. Thus, the interrelatedness of the strains was below that of the species Figure 3 16S rRNA-based phylogeny of gas-vacuolate sea ice bacteria isolated from north and south polar sea ice communities. This tree was produced by using neighbor joining with pair-wise distances determined by a maximum-likelihood estimate. CFB refers to the Cytophaga-Flavobacterium-Bacteroides group. The scale bar indicates 0.1 changes per average nucleotide position. based on this definition, indicating that none of these had a bipolar distribution. One of the south polar strains, F. glomeratus, was reclassified as P. glomeratus, combination nov., Polaribacter irgensii and P. franzmannii were from Antarctic sea ice, whereas P. filamentus was isolated from arctic sea ice. Again, representatives of the same genus were found at both poles, so this genus also exhibits a bipolar distribution.
The other group of strains closely related by fatty acid analyses was from the gamma proteobacteria. One strain of this as yet officially unnamed genus, "Iceobacter" strain 90-P, is from Antarctica,whereas the other two, 174 and 37, are from the Arctic. When these were subjected to 16S rDNA sequence analysis, they differed by 6-11 nucleotides. It is interesting that one of the north-south polar pairs differed by 6 nucleotides and the other by 11. The 2 north polar pairs differed from one another by 6 nucleotides.
Although these pairs have not yet been subjected to DNA-DNA reassociation, major phenotypic differences exist between the north and south polar isolates. The south polar strain has an average length of 2 µm, whereas the north polar strains range from 6 to 18 µm in length. Strain 90-P grows at temperatures as high as 20
• C, whereas the north polar strains do not grow at 15 • C or above. Strains 37 and 174 have much more similar carbon source utilization patterns and are non-pigmented, whereas the south polar strain is pink. These major phenotypic differences suggest that the south polar strain is likely a different species.
Our results show that many of the genera of gram-negative bacteria have a bipolar distribution. The results at the species level suggest that the sea ice bacteria we have studied are endemic to the north or south polar SIMCO environments. These results, however, are misleading. Clearly, if we apply the biogeography postulates discussed previously, we do not have a sufficient sample size. Perhaps if 1000 or 100,000 strains were examined, it could be determined whether each of these species is indeed cosmopolitan. Or it may be that there is such phenomenal diversity in the sea ice community that it will be difficult to find cosmopolitan species even though they might exist. Not finding cosmopolitan species does not mean that they do not exist.
Furthermore, if one examines the trees shown in Figure 3 , it is apparent that, although the genera cluster together, bipolar grouping does not occur. For example, "Iceobacter" strain 37 from the Arctic is more closely related phylogenetically to the Antarctic strain 90-P(gv)1 than it is to strain 174 from the Arctic. Likewise, Polaribacter filamentus, an arctic strain, is found within a group of antarctic strains, including P. glomeratus, P. irgensii, and P. franzmanii. We interpret these results as an indication that the 16S rDNA sequences are too highly conserved to allow for the assessment of endemic polar strains and species. As suggested earlier, other less highly conserved genes should be used to construct phylogenetic trees for closely related organisms. In addition, a larger sampling of strains is necessary to determine whether bipolar clades exist.
If we are to apply the biogeographic postulates to our studies, we are led to the conclusion that sufficient data are not yet available to infer that geovars or candidate endemic species occur. These gas-vacuolate strains appear to be indigenous to the sea ice habitat based on (a) the high concentrations at which they occur in this community that develops each season and (b) the observation that they are not found by using the same cultivation procedures in temperate-zone marine habitats. However, additional closely related strains are needed to ascertain whether specific phylogenetic groups have evolved at each pole. Also, less highly conserved phylogenetic markers are necessary to assess their phylogeny.
CONCLUDING REMARKS
When people think of polar environments, they envisage polar bears, emperor penguins, Weddel seals, and other indigenous animal species. Few know of the abundant microbial life. Those that have heard of the microorganisms know them not as distinctive species but primarily because of the extreme environments in which they live. Two examples are the endolithic microbial communities that live in rocks in Antarctica and the sea ice microbial communities that occupy the frozen expanses of the oceans.
Until recently, bacterial work on sea ice has ignored the composition of the SIMCO. This tendency is surprising considering that the SIMCO occupies 7% Earth's surface on a seasonal basis and that almost all of these bacteria are likely to be novel. Now microbiologists have begun to study the types of bacteria that inhabit these environments. Studies reveal that the SIMCO environment has its own distinct species and phyla and, further, that they compose the most psychrophilic bacteria known. Members of the alpha-, beta-, and gamma-proteobacteria and CFB group have been reported. In addition, representatives of both the low-and high-mole-percent G + C gram-positive bacteria have been found. Several new bacterial genera have been reported, and many others remain to be studied. Some of the gram-negative sea ice bacteria have among the lowest maximum temperatures for growth known, <7-10
• C for some strains. Archaea are also known to occupy this remarkable environment.
Biogeographic studies are of paramount importance in bacteriology for understanding the diversity, the evolution, the speciation, and the niche concept as well as the existence of threatened species. Several postulates are proposed that may be helpful in guiding future research in bacterial biogeographic investigations.
North and south polar sea ice communities provide a special test case for bacterial dissemination for two reasons. First, the long distances between the polar sea ice communities mean that it is difficult to transport organisms from one pole to the next. Second, many of the obligate psychrophilic bacteria from the SIMCO do not survive at temperatures ≥20
• C and would have difficulty surviving transequatorial passage. Indeed, preliminary studies of biogeography have not found bipolar species of those organisms studied. Additional work must be conducted before it is possible to determine whether these bacteria are endemic to one or the other pole.
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